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perimental progress can provide us with better constraints on some of the combinations of R-parity 
violating couplings. 
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I. INTRODUCTION 



The standard model (SM) of particle physics is known to be very successful in interpreting many experimental data 
up to now. There are however some phenomena which are difficult to explain in this framework, such as the matter 
abundance of our Universe, the absence of candidates of dark matter, etc. We need therefore to introduce some new 
physics (NP) beyond the SM. 

One approach to search for NP is the fundamental test of low energy phenomena, which consists of the precision 
measurement of experimental observables with well known SM predictions. By observing discrepancies from the SM 
data, we can establish the existence of NP. One interesting phenomenon which can probe the NP is the beta decay 
of the neutron and nuclei [2-0]. The beta decay provides man y o bservables Q sensitive to NP, such as the Fierz 
interference term [?J , the D correlation , the R correlation , etc, and their experimental developments in 

recent years are very promising. As these observables have very small SM predictions [14| , we can say that they are 
an excellent probe of NP. 

On the theoretical side, the minimal supersymmetric standard model (MSSM) [l5| is known to be one of the leading 
candidates of the NP. A general supersymmetric extension of the SM allows baryon number or lepton number violating 
interactions, so we must impose the conservation of R-parity (R = (— l) 3B_i + 2s ) to forbid them. This assumption is 
however completely ad hoc, so the i?-parity violating (RPV) interactions need to be investigated phenomcnologically. 
Until now, many of the RPV interactions were constrained by high energy experiments, low energy precision tests, 
and cosmological phenomenology [l6l - [l8j . 

In the (i?-parity conservin g) M SSM, the contribution to the D correlation of neutron beta decay was found to be 
at most on the order of 10~ 7 |l9Ll20j|. In the RPV sector, the discussion is divided into two distinct cases where either 
baryon or lepton number violating interactions are involved but not both, since their coexistence is strongly forbidden 
by the nonobservation of the proton decay. The separate analyses of the effects of baryon and lepton number violating 
RPV interactions to the beta decay must therefore be performed. The lepton number violating RPV interactions 
contribute to the beta decay at the tree-level, and it was found that the Fierz interference term and the R correlation 
are sensitive observables to RPV interactions [2, l22 - l24j . 

The alternative case, the baryon number violating i?-parity violation, generates the D correlation starting from 
the one-loop level. This was analyzed in Ref. [25j , yielding new constraints on some combinations of RPV couplings 
using the relation between the D correlation and the electric dipole moment (EDM) of the neutron. This previous 
loop level analysis of the RPV sector, however, did not cover all of the one-loop diagrams, and as we will show, there 
exist additional contributions to the D correlation. 

For the lepton number violating RPV interactions, there are also new contributions which appear at the one-loop 
level through flavor change, and generate the Fierz interference term as an observable effect. These new contributions 
involve different combinations of RPV couplings, and their sparticle mass dependencies also differ from the tree-level. 
It could be that the one-loop level effect surpasses the tree-level one. We have therefore good reasons to discuss the 
one-loop contribution. In this case we have found that similar techniques used in the analysis of the one-loop level P, 
CP-odd electron- nucleoli interaction c-an be applied (26j . 

Now that we have sufficient motivations, we will analyze in this paper the complete set of RPV contributions 
to the beta decay at the one-loop level and give its potential observable signature. Our discussion is organized as 
follows. We first briefly review the RPV interactions in the next section. In Section IIII| we classify and give the 
RPV contributions to the quark beta decay at the one-loop level. In Section IIV| we relate the quark level physics 
to the neutron beta decay effective interactions by introducing the relevant nucleon matrix elements and present the 
observables in question, the D correlation and the Fierz interference term of the neutron beta decay. In Section [Vl we 
analyze the baryon number violating RPV contribution to the D correlation of the beta decay and give the constraints 
on RPV couplings which can be provided by future beta decay experiments. We also give a short comment on the 
constraints given by other experiments, in particular those provided by the EDM. In Section IVH the analysis of the 
lepton number violating RPV contribution to the Fierz interference term is presented. The final section is devoted to 
the summary. 



II. RPV LAGRANGIAN 



Let us first introduce the RPV interactions. The superpotential of the RPV interactions can be written as follows: 

1 
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with i,j,k = 1,2,3 indicating the generation, a,b = 1,2 the SU(2)l, and R,G,B — 1,2,3 the color SU(3) C indices, 
respectively. The lepton left-chiral superfields L and E c are respectively SU{2) L doublet and singlet. The quark 
superfields Q, U c and D c denote respectively the quark SU (2) l doublet, up-quark singlet and down-quark singlet left- 
chiral superfields. The bilinear term has been omitted in our discussion. We have also neglected the soft breaking terms 
in the RPV sector. We should note that the coexistence of lepton number violating interactions (Xij k and AJ - fc ) and 



baryon number violating interactions (A^- fc ) induces rapid proton decay [27| . so we must investigate them separately. 
The above RPV superpotential gives the following lepton and baryon number violating Yukawa interactions: 



C n = --A 



ijk he-kPLRj + e Lj e k P L v l + e^vfPLBj -(t« j) + (h.c.) 

VidkPhdj + d L] d k P L v l + d} Rk v^P L d - e Li d k P L Uj - u L jd k P L e t - d\ k efP L Uj 



-A' 



+ (h.c.) , 



k tRGB 



d B Au?P L df + d%ufP L df + u§dfP L df - (J o k)] + (h.c.) . 



(2) 



The matter fields of the above lagrangian are assumed to be mass eigenstates. 



III. RPV CONTRIBUTION TO THE QUARK BETA DECAY AT ONE-LOOP LEVEL 



Let us now show the RPV contribution to the beta decay at one-loop level. On the basis of tree-level contributions 
(see Fig. [T]), we can classify the RPV corrections contributing to the quark beta decay at the one-loop level as shown 
in Fig. [21 Let us see them one by one in detail. (Incidentally, tree diagrams in Fig. [T]were analyzed in Refs. [H. l24j|). 




(tl) (t2) 




(t3) (t4) 



FIG. 1. Tree-level contribution to the quark beta decay within RPVMSSM. Diagrams (t3) and (t4) are generated by RPV 
interactions. 



Wqq corrections (diagram (a) of Fig. [2]): 
This is the RPV correction to the SM contribution with W boson exchange (Fig. [T](tl) ). The complete set of this 
type is depicted in Fig. [3] The amplitude of the first diagram (al) can be written as 



V2 



(3) 



where we have neglected the external and exchanged momenta. Indices i, a and b indicate the flavor. Here Gp is the 
Fermi constant. The CKM matrix is denoted by V a b- The loop integral / is expressed as follows: 



J(a, b, c) = 



1 
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FIG. 2. Classification of one- loop correction to the beta decay amplitude within RPVMSSM. The grey blobs denote the one-loop 
effective vertex. 
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FIG. 3. R-parity violating correction to the W boson-quark vertex at the one-loop level. Diagrams (al) and (a2) contribute 
to the (V + A) x (V — A) interaction, while (a3) and (a4) are the (V — A) x (V — A) interaction. The grey blobs denote mass 
insertions which mix the squark gauge eigenstates. 



For m 2 - >> ml , m 2 , , we have 
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(5) 



We see from eq. ([3]) that the process (al) is a (V + A) x (V — A) interaction. As the product of RPV interaction 
can have complex phase, the imaginary part of this amplitude contributes to the CP-odd (V + A) x (V — A) 
interaction. As observable sensitive to the CP-odd (V + A) x (V — A) interaction, we have the D correlation of the 
beta decay. The contribution of eq. © was not discussed in Rcf . [25[ . The RPV one-loop level contribution to the 
D correlation is discussed in Sections |IV] and [Vj 

The diagram (a2) is the analogue of (al) with all fields in the loop interchanged with their superpartner, and 
involves exactly the same RPV couplings as the (al) contribution. This contribution was treated in Ref. 25|. It is 
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also of (V + A) x (V — A) type interaction. The amplitude of the second diagram (a2) is given by 

iM{aa) = _ . KuKtiV^ a c dh g| J(m| ^ w|r; m ^ m |j^ (1 + 75)de - 7 . (1 _ 7s)l/ej (6) 

where C Uo and are mass insertions given as follows: 

C«a = -«V,(-Ai a +/iC0t/3) , (7) 

C db = -m db [-A db + [i tan (3) . (8) 

If we take tan/3 = 50 and soft parameters A and fj, around 1 TcV, C Ua C c i b ~ —m Ua m db A Ua [ita,ii[3. The loop integral 
J is expressed as: 

f°° rdr 

J(aAC ' d) "/ (r + a)(r + b)(r + c)(r + d y (9) 



2 2 2 
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to be equal in magnitude. We have then 



It is not profitable to examine every corner of the parameter space of rn\ L , i m\ an d ■ Here we take them 



^( TO SUSYi m SUSY' m SUSYi m SUSY) — 7 4 ' 

DTO SUSY 

We must note that signs of soft parameters A and /i are so far undetermined, so there is a possibility of cancellation 
between contributions (al) and (a2). 

Let us add a brief comment on the Lorentz structure of (al) and (a2). At first sight, it may look strange to obtain 
a right-handed vector current from W boson interacting vertex. In the case in question, this was possible thanks to 
the right-chirality projection of the external down quark due to baryon number violating RPV interactions (A") and 
also to the propagation of antiparticles in the loop. We will see that for other diagrams, this is not possible. 

The remaining (a3) and (a4) diagrams of Fig. [3] contribute to the (V — A) x (V — A) interaction of the beta decay. 
The tree-level SM contribution has also the same (V — A) x (V ~ A) structure, so these remaining diagrams work as 
a shift of the Fermi constant Gf- As the redefinition of the Fermi constant cannot be probed by the nucleon beta 
decay itself, we do not consider them. In the case of (a3) and (a4), the projection of the chirality of external down 
quark is left-handed, so it is not possible to generate (V + A) quark current. This is due to the chirality structure of 
the lepton number violating RPV interactions (A and A'). 

Wll corrections (diagram (b) of Fig. [2]) : 
As the Wqq corrections, there are also RPV corrections to the W boson-lepton vertex. The complete set of this type 
is depicted in Fig. [4] For the case of Wll corrections, all diagrams have the (V — A) x (V — A) structure. This is 
because the chirality projection of the neutrino due to lepton number violating RPV interactions (A and A') gives only 
left-handed lepton currents. As we have seen, the (V — A) x (V — A) interaction gives the shift of the Fermi constant, 
so they do not lead to an observable effect. We therefore do not consider the Wll corrections in this discussion. 

Corrections to charged Higgs exchange (diagrams (c) and (d) of Fig. [5]): 
The Higgs exchange contribution to the beta decay can be drawn by replacing the W boson of diagrams (a) and 
(b) by the charged Higgs boson. These radiative corrections give a scalar-type interaction of beta decay. They are 
however suppressed by at least a factor of light fermion Yukawa coupling (smaller than O(10~ 5 )), so their effects are 
negligible. We do not consider them further in our discussion. 

eh-jermion vertex corrections (diagrams (e) and (f) of Fig. [2]): 
These one- loop corrections are the vertex corrections to the tree- level selectron exchange diagram (Fig. [T] (t3)). As 
the vertex corrections are the renormalization of the RPV interactions, we do not need to consider this set of diagrams. 

du-fermion vertex corrections (diagrams (g) and (h) of Fig. [2]): 
This type corresponds to the vertex corrections to the tree-level down-squark exchange contribution (Fig. [1] (t4)). 
Again, they do not need to be treated as the vertex corrections are renormalization of the tree-level RPV interactions. 

Box diagrams (diagram (i) of Fig. [2]): 
The one-loop level box diagrams yield finite contributions to the beta decay amplitude. They correspond to the 
clcctroweak radiative corrections to the tree-level RPV processes (Fig. [T](t3) and (t4)). The QCD radiative corrections 
to the RPV amplitude are not considered, since the hadron matrix elements given in the next section include them 
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FIG. 4. R-parity violating correction to the W boson-lepton vertex at the one-loop level. All diagrams have the (V — A) x (V — A) 
structure. 



nonpcrturbatively. Corrections with Higgs bosons are neglected, since their contributions receive suppression from 
light fcrmion Yukawa couplings. 

The box diagrams can be classified into two types. The first type is the flavor conserving contribution, given by 
photon, Z boson and neutralino corrections. After diagrammatic analysis, we have found that these one-loop diagrams 
give only higher-order corrections in a cm to the tree-level selectron or down-squark exchange contributions (Fig. Q] 
(t3) and (t4)), with the same Lorentz structure (scalar, pseudoscalar interactions, see Appendix lAl for detail). We 
cannot expect them to yield particular observable effects, until RPV interactions are discovered and quantitatively 
studied at the hig-her order in a cm . It is then not useful at present to treat them. 

The second type is the flavor changing contribution, given by W boson and chargino corrections. This contribution, 
although being suppressed against the tree-level ones, involves RPV flavor structures not relevant at the tree-level, 
and is thus interesting. The relevant diagrams are shown in Fig. [5] 

The contribution of the first diagram (il) is 

iM W = 1 tu^t^T J « ■ < ■ m w)u(l + 75 )de(l - 75 K- (11) 
8(4it) z sin u\y 

The loop integral / was defined in eq. ((4]). As we can see, this amplitude yields scalar and pseudoscalar interactions. 
The scalar-type interaction contributes to the Fierz interference term (CP-even part) and to the R correlation (CP- 
odd part) of the beta decay. The pseudoscalar interaction vanishes in the nonrelativistic limit of the nucleon, so we 
neglect it from now. The RPV one-loop level contribution to these observables is discussed in the next section. 

The second diagram (i2) is the analogue of (il), with all particles in the loop interchanged by their superpartner. 
It is expressed as 

^)- \:) lX t e2 ^ a El Z - J | 2/ ("4 ,r4 L ,m^)u(l+ l5 )de(l- 75 )u e , (12) 
8(47r) 2 sin &w j 

where the mixing matrix elements of the chargino Zj! (j = 1,2) follow the notation of Rosiek [28|. The index j = 1,2 
denotes the flavor of the chargino. We observe that the diagram (i2) has exactly the same couplings, sign and Lorentz 
structure as (il). This fact is consistent with the analysis of the P, CP-odd electron- nucleon interaction at the one- loop 
level within RPVMSSM of Ref. [2q |, where similar diagrams with exactly identical RPV couplings appear. There it 
was argued that the chargino exchange box diagram is generally smaller than that of the W boson exchange. This 
is because the chargino exchange diagram involves three sparticles in the loop. In this analysis, we will neglect the 
diagram (i2). 
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FIG. 5. Box diagrams with flavor change contributing to the beta decay at the one-loop level in RPVMSSM. The chargino is 
denoted by \- 

Diagrams (il) and (i2) are both electroweak corrections to the tree-level contribution (see Fig. [1] (t3)). Due to 
the flavor change of the W boson, they involve different RPV couplings from the tree-level ones. This fact provides 
accessibility to various RPV couplings through beta decay experiments. 

Diagrams (i3) and (i4) are suppressed by two factors of light fermion masses, so they can be neglected. 

The (i5) and (i6) contributions vanish in the limit of low external and exchanged momenta, so they are also 
neglected. 



IV. 



OBSERVABLES IN NEUTRON BETA DECAY 



In this section we introduce the observables of the beta decay, i.e. the Fierz interference term and the D correlation. 
The general decay distribution of the beta decay is given as follows 



co{E e , Q e , <x 1 + a 



Pe -Pu 

E e Ey 



E e 

Na n 



D 



D 



Pe X p v 
EeEy 



R 



On X Pe 
E e 



+ •••. (13) 

The Fierz interference term is the shape correction to the beta spectrum (b^), and is sensitive to the real part of 
the scalar interaction of the beta decay (ude(l — 75)14)- The D correlation is the triple product of the initial neutron 
spin polarization, emitted neutrino and electron momenta {D IJ ' n ^^ Vv ). It is sensitive to the time reversal violation 
of the theory, and receives contribution from the imaginary part of the (V + A) x (V — A) interaction of the beta 
decay. 

Before going to the evaluation of observables, we must first evaluate the nucleon matrix elements of the quark beta 
decay to derive the effective interaction of the neutron beta decay. The relevant matrix elements are 

(pluj^dln) = gvPl^n, (14) 
{p\u^^ b d\n) = g A p^^ b n, (15) 
(p\ud\n) = g s pn. (16) 



The vector renormalization constant is gy = 
constant, we use the experimental value [g A 



1 by conserved vector current assertion. For the axial renormalization 
= 1.27). For the scalar renormalization constant, wc take gs ~ 0.8. We 
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should add some comment on the choice of gs- Using approximate isospin symmetry, the scalar matrix element can 
be rewritten as (p\ud\n) = (p\uu — dd\p). The latter can be written in terms of the proton-neutron mass splitting 
m p — m n — —2.05 McV (nuclcon masses without electromagnetic contribution), up- (m u ~ 2.5 McV) and down-quark 
masses (m d = 5 MeV) [29| as 

g s = (p\uu - dd\p) = -£ ^ « 0.8 . (17) 

m d - m u 

The up- and down-quark masses are small compared to the typical scale of the QCD, so the above chiral perturbation 
works well. We must however note that the input quark masses have a large uncertainty. The result obtained is 
consistent with the evaluation of gs within nonrelativistic quark model [30| . 

From the analysis of the previous section, the one-loop level RPV contribution gives the following beta decay 
effective interaction: 

H L r = a LR -p^{gv + SATs)™ ^(1 - y 5 )v e + (h.c), (18) 



Hs = a s gspn e(l - 75)14 + (h.c). (19) 

From these nucleon level effective interactions, we can derive the Fierz interference term, the D and R correlations of 
the neutron beta decay as follows [l], @ : 



Ag v g A lm(a LR ) 
9v + 3g 2 A V ud G F /V2 ' 



D = 7 Za ; 7„,^ (20) 



b = Zgvgs Re(as) 
9v + %9 a V ud G F /V2 ' 
-2g A g s lm(a s ) 
9v + 3 5a V ud G F /V2 

In this discussion, we will use the Fierz interference term of the analysis of superallowed beta transitions made by 
Hardy and Towner 0, which provides the most accurate data. The relation between the Fierz term b F for the /3 + 
decay and the scalar coupling as is given as follows: 

h _ _ 2 9s Re(a s ) 



9v V ud G F / V2 

Note that the Fierz term b F defined above differs from b of cq. (j2"Tj) by a constant factor. In this discussion, we will 
use the Fierz term b F defined in cq. (|2~3| . 

There is no tree-level contribution to aLR, but at the one-loop level diagrams (al) and (a2) (see eqs. ([3]) and (J6j) ) 
give rise to 

n - Q X lbi X aU V abm Ua m db Gp 2 2 2 

aLR - ~ 2 (4^)2 7| ( " a ' db ' iRi 

KbiK*i V abrn Ua rn db A Ua iitanl3 G F 2 2 2 2 

U w \2 ^ J y m uL' m urV m dL ' m dR ) ■ \ Z V 

Contribution of Fig. [3] (a2) was also discussed in Ref. (25|. Their result is shown to agree with the second term of 
Eq. (flM)) thereby noting that the definition of the RPV couplings X'^ k and the soft breaking term A u used in Ref. 
[25| differs from ours. By setting tan/3 w 50, the sparticle masses, A u and \i to 1 TcV, the ratio between the first 

term (contribution of Fig. [3] (al)) and the second term is approximately a^^ /a^R ~ 0.85, which gives comparable 
contributions for both. The relative sign between them depends on the sign of A u and cannot be determined by 
known experimental data, so the possibility for both constructive and destructive interferences remains. 

On the other hand, there exist both tree and one- loop contributions to as- as = ag ree + a l g° p . The tree-level effect 
with selectron (e^i) exchange (Fig. [T](t3)) has been computed in Rcfs. (22|, [HI as 



tree _ ^ill^ ill / r\ 
^ (25) 



9 



The one-loop diagram (il) contributes to the Fierz term as (see eq. (|TTj) ) 



a 



loop 



^illAfalg Via 

8(4tt) 2 sin 2 9 W 



I ( m d a > m l i ^ m w) ■ ( 26 ) 



The flavor change due to W exchange gives new contributions with RPV couplings \'* 21 and A^ 31 in comparison with 
cq. (f2"5")) . Moreover, the sparticle mass dependence is different for a^ 00 and a'g° p . These qualitative differences between 

dg ee and a l g° p motivate us to consider a particular case in which Og° p surpasses ag ee . 

In later numerical analyses, we do not consider constraint coming from R for the following reason. It was shown 
that the experimental data of the EDM of the 199 Hg atom [3l[ can constrain the same products of RPV couplings 
through P, CP-odd electron-nucleon interaction (26|. There the constraints on the combinations of RPV couplings 
are given at the level of O(10 -7 ), which is considerably stronger than those which can be given from the present 
experimental data of the R correlation (R cxp = 0.008 ± 0.011 ± 0.005) 



V. ANALYSIS OF THE D CORRELATION 



As wc mentioned in the introduction, we cannot consider Hlr and H$ simultaneously, since baryon number and 
lepton number violating RPV interactions cannot coexist due to the constraint of the proton lifetime. We first analyze 
H LR . As we see in eqs. J2D]) and pi"]), the D correlation is given in terms of A" 23 A"i 2 , A" 12 A 2 * 2 , A'/^A^, ^112^3*21 
^123^3*2) A i23 A i*3: A ii3 A 2i3. ^123^213) A ii3 A 3*3 and A i23 A 3i3 ( note the antisymmetry in the exchange of the second 
and third indices for A" jfe ). From now on we neglect contributions involving light up- and down-quark masses. This 
is also justified by additional suppression due to off-diagonal components of the CKM matrix. We then obtain the 
following D correlations for each RPV combination considered: 

£(^212) = 3.8 x 10- 8 x Im(A'/ 23 A 2 '* 2 ) , 
£>(Ai'2 3 A3i2) = 6-3 x 10- 5 x MAiV^) , 
W23A213) = -2.5 x 10- 8 x Im(Ai' 23 A2i3) ■ 

D{\'l 2 A) = -6.1 x 10- 8 x Im(Ai' 23 A 3 'i3) ■ (27) 

where we have used the quark masses m t = 173 GeV, m& = 4.2 GeV, m c = 1.29 GeV and m s = 100 McV 29]. The 
large coefficient for D(X'{ 23 X^l 2 ) is due to the large mass of the top quark. We have set all squark masses to rriq = 1 
TeV (this is the current upper limit given by the LHC [32j]). The soft breaking parameters /i and A have also been 
set to 1 TeV, and tan j3 = 50. In this discussion, we have taken the sign of y, and A so that the contribution from 
diagrams (al) and (a2) is constructive. We must note that the sign of fj, and A parameters are undetermined, and 
the possibility of cancellation between them exists, as these two contributions have the same order of magnitude. If 
the cancellation occurs, the limit on RPV couplings provided by experimental data will be significantly loosened. 

Let us consider the possibility to constrain the above combinations of RPV couplings. The present experimental 
data for the D correlation are [lj| 

£>cx P = [-0.94 ± 1.89(stat) ± 0.97(sys)] x 10" 4 . (28) 

By comparing with eq. (|27p . we see that the present experimental sensitivity to the D correlation cannot constrain 
the baryon number violating RPV interactions. Future experimental progress may however limit them, and we have 
to discuss it. The D correlation receives actually an additional contribution from the final state interaction (FSI), of 
order O(10 -5 ) (33[, and can limit the analysis of the contribution from NP. Recently, the FSI effect has been evaluated 



with chiral perturbation to the subleading order [34| : 



L»fsi = (1.083-^- + 0.228^-^) x 10~ 5 . (29) 

P e Pe 

This provides an accuracy for the D correlation at the percent level. It is then possible to explore the level of O(10 -7 ) 
for the D correlation with future experiments. In eq. ([27]) . we see that D has a large sensitivity on Iu^A'^A^). By 
reaching the sensitivity of O(10~ 7 ), it will be possible to limit the RPV combination Im(A' 123 A 3 * 2 ) on the order of 
10 -3 . For bilincars Im^A'^A^), I m (Ai 23 A 2 j 3 ) and Im(A" 23 A 3 * 3 ), further experimental developments and theoretical 
studies to go beyond the 10 -8 sensitivity are needed. 

We should also present the constraints given from other analyses for the same baryon number violating RPV 
interactions. The first case to consider is the upper limits on single RPV couplings. Some of the RPV couplings 
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discussed above are actually constrained by the lifetime of the nucleus (n — n oscillation) [35|, |36[ . The constraints for 
RPV couplings relevant in this analysis are 

|Ag i2 | < 2.2 x lO" 2 , 

|Ag i3 | < 2 x 10- 2 , (30) 

where it should be noted that these limits were given by assuming the squark mass m q = 200 GcV. By respecting 
the recent lower bounds on squark and gluino masses (> 1 TeV) j32[, the limits on single RPV interactions should 
be looser. Bounds on other single baryon number violating RPV interactions relevant in this analysis have not been 
worked out yet to our best knowledge [IB,[i3|- We see then that by reaching the sensitivity of O(10 -7 ) for the D 
correlation, it is possible to obtain tighter limits on In^A'/^A^) than the n — n oscillation data. 

The second case to consider is the constraints given by the analysis of the EDM of the neutron and 199 Hg atom. 
The bilinears of RPV couplings relevant in our discussion also contribute to the neutron EDM through the EDM of 
quarks (3f| and P, CP-odd 4-quark interaction (2f| . The quark EDM contribution is estimated to be 

ri tj \ ~ T m fi''* \" \ ea cmVgbVci ni Ua nrid b m Ua , 
47T 3 sin 9 W m w m i 

" am 

where a, b and c indicate the quark flavor. The above equation gives the following relations for the products of RPV 
couplings in our discussion: 

d n (d q ;X'{ 23 X'£ 2 ) ~ 4.3 x lO" 31 x Im(Ai' 23 A' 2 '* 2 )ecm , 
dn(d q ; X" 23 X 3 $ 2 ) ~ 1.4 x 10~ 27 x Im(A" 23 A 3 i 2 )e cm , 
d n (d q ;X'l 23 X 2 %) ~ 2.4 x 10~ 31 x Im(Ai' 23 A 2 ' 1 * 3 ) e cm , 
d n (d q ;X'( 23 X£ 3 ) ~ 1.3 x 10" 30 x I m (Ai' 23 A 3 / 1 * 3 )ecm . 

(32) 

For the dependence of the baryon number violating RPV interactions through P, CP-odd 4-quark interaction, relations 
independent of the model of NP considered can be given as follows (see Ref. [25( for derivation): 

\d n \ = 1 x 10" 19 ecm x |D/0.87| , 
Mh s | = 7 x 10" 24 ecm x |D/0.87| . (33) 

These relations can be derived by observing that the right-handed quark current (u7 M (l + 7s)rf) contributing to the D 
correlation can be coupled to the standard left-handed quark current to form a P, CP-odd 4-quark interaction (C qq ). 
By combining the above formulae with eq. (|27[) , we obtain 

\dn{C qq] \'{ 23 \'£ 2 )\ = 4 x 10- 27 ecm x Im^A'^) , 
\d n (C qq ;\'{ 23 \r i2 )\ = 7 x 10- 24 ecm x Im(\'! 23 \ 3 'Z 2 ) , 
\dn(C gg ;X'( 23 X 2 %)\ = 3 x 10- 27 ecm x Im(X'l 23 \'£ 3 ) , 
\d n (C gq ;\1 23 \r i3 )\ = 7 x 10- 27 ecm x Im(Ai 23 A 3 'i 3 ) . 

(34) 



By comparing the above relations with eq. ([32]) . we see that the dependence of RPV interactions on neutron EDM 
through P, CP-odd 4-quark interaction is much stronger than that given through quark EDM. Similarly, we obtain 
the dependence of the EDM of the 199 Hg atom as 

|d H g(C„; Ai' 23 A 2 'r 2 )| - 3 x 10- 31 ecm x Im(A'/ 23 A 2 ' 12 ) , 
\dK e (C qq ;\'{ 23 \'£ 2 )\ - 5 x 10- 28 ecm x Im^A^) , 
\dn s (C qq ;X'{ 23 X 2 ; * 13 )\ = 2 x 10- 31 ecm x Im(A'/ 23 A 2 'r 3 ) , 
\dn s (C qq ;X'{ 23 X 3 ; * 13 )\ = 5 x 10- 31 ecm x Im(A'/ 23 A 3 'r 3 ) . 

(35) 

The current experimental data of the neutron EDM are [37j 

d n < 2.9 x 10" 26 ecm. (36) 
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The experimental upper bound of the 199 Hg atom EDM is [3l| 

d Hg < 3.1 x l(T 29 ecm. (37) 

By combining the above experimental limits with eqs. Q34[) and (|35j) . we see that the current experimental data of 
the neutron EDM give the tightest constraint on the imaginary part of A'^gA^ as 

\Im(X'{ 23 \r i2 )\ < 4 x 1(T 3 . (38) 

This constraint is tighter than the present experimental limit given by the direct measurement of the D correlation in 
beta decay, but this argument should be taken with reservation. We must note that the relation between the neutron 
EDM and the P, CP-odd 4-quark interaction has a large uncertainty [Hj], and there still remain possibilities to have 
small dependence. Moreover, the quark EDM contribution to the neutron EDM has also theoretical uncertainty, 
and the accidental cancellation between it and the P, CP-odd 4-quark interaction effect cannot be completely ruled 
out. Therefore it is always of importance to analyze the constraint on RPV interactions which can be derived by the 
experimental data of the direct measurement of the D correlation. 

VI. ANALYSIS OF THE FIERZ INTERFERENCE TERM 

Let us now move to the analysis of the Fierz interference term with lepton number violating RPV interactions. In 
this discussion, we consider the one-loop contribution a l g° p as leading, while the tree-level ag oc is small for reasons 
explained in Section [TV] The relevant products of RPV couplings are XniX'^i (with i = 2,3 and a = 1,2,3, see eq. 
(|26| ) and their real part contributes to the Fierz interference term 6f- From the recent update of the analysis on 20 
superallowed Fermi transitions, Hardy and Towner have given a new bound on 6p 0. The result is 

- ^ = +0.0011 ± 0.0013 . (39) 
On the other hand, from eqs. ([2"o]) and (|23|) . the RPV contribution to bp is 

'HA.ua;:,, „ Jg,=|,n (< ) x ^mWS.) , (40) 

where i = 2, 3 and a = 2,3. Explicitly, this reads 

MAuiASi) = 7.6 x 10- 5 x Re(A m Agi) , 

MAaiASi) = 1.2 x 10- 6 x ReCAaiAgi) . (41) 

From the above relations and the data of Hardy and Towner (eq. (|39[) ). we obtain constraints on Re(AiiiA^* 1 ) as 
shown in Table HI By comparing our result with constraints obtained from other experiments, we see that the upper 



TABLE I. Upper bounds to the RPV couplings given by the Fierz term of the analysis of Ref. 0] for m,> i = 1 TeV. Limits 
from other experiments fl6l - [l8l . I23I ] are also shown. 



RPV couplings 


b F 


Other experiments 


Re(A 2 iiA2*2i) 


63 


2.9 x 10^ 


IMAaiiASOl 


63 


1.7 x 10" 2 


|Re(AaiiA? S i)| 


4000 


0.60 


|He(AsiiA? S i)| 


4000 


0.36 



bounds on RPV couplings from bF are 4 orders looser for |Re(AjiiA^2i)| and 5 orders for |Re(AinA^3 1 )|. For the Fierz 
interference term, there are no FSI contributions @ , so the upper limits on RPV couplings are directly related to the 
experimental sensitivity. Future improvement of &f by more than 4 orders of sensitivity can open accessibility to the 
combinations of RPV couplings |Re(A i iiA-* 1 )| (i = 2,3 and a = 2, 3). 

VII. CONCLUSION 

In this analysis, we have discussed the RPV contribution to the beta decay at the one-loop level. After careful 
analysis, we have found that many RPV interactions not relevant at the tree-level contribute at the one-loop level. 
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For the baryon number violating RPV interactions, combinations X'{ 23 X'(l 2 , ^112^212 > ^123^2*2! ^ii2^3*2j ^123^3*2' 
^123^H3> ^113^2*3) ^123^213) ^i'i3^3i3 an d ^123^313 contribute to the D correlation. The combination (X'{ 23 X^l 2 ) is 
particularly interesting because by reaching the experimental sensitivity of O(10~ 7 ) for the neutron beta decay, it is 
possible to put a O(10 -3 ) constraint on In^A'^A^). This is possible since the FSI contribution to the D correlation 
is known with the accuracy of 0(1CT 7 ). The RPV combinations X'{ 23 X' 2 ^ 2 and A'/^A^ can also become interesting 
because there are no experimental constraints to them so far to our best knowledge. If the theoretical estimation of 
the FSI contribution goes beyond the O(10 -8 ) level, further experimental progress will give us good chances to probe 
the corresponding RPV contributions. 

For the lepton number violating RPV interactions, the new RPV combinations not relevant at the tree-level XniX'* al 
(i = 2, 3 and a = 2,3) can contribute to the scalar-type interaction of the beta decay through box diagrams involving 
W boson and chargino. We have found that the currently known Fierz interference term cannot set new limits to 
Rc(Ain X'* al ). The constraints on Re(AinA^* 1 ) can however be tightened with further experimental progress by more 
than 4 orders of sensitivity. 

In this analysis, we have seen the importance of the sublcading effects. It has also been emphasized that the access 
to a variety of RPV interactions through the sublcading loop level contributions would be made possible. 



Appendix A: Flavor conserving electroweak corrections to RPV beta decay 




(i'13) (i'14) (i'15) (i'16) 

FIG. 6. Box diagrams with flavor change contributing to the beta decay at the one-loop level in RPVMSSM. The neutralino 
is denoted by xo- 

The electroweak flavor conserving corrections (photon, Z boson and neutralino corrections) are seen in detail. The 
list of the corresponding diagrams is shown in Fig. [51 Diagrams (i'l) ~ (i'8) are corrections to the tree-level RPV 
contribution (t3) (see Fig. [1]). These are of scalar-, pseudoscalar-type interaction (u(l + 7s)<ie(l — 7s)^ e ). As the Z 
boson and the photon do not change flavor, the same combination of RPV interactions as the tree-level (t3) (A^iiA'^, 
i = 2,3) is relevant. Diagrams (i'9) ~ (iT6) are corrections to the tree-level RPV contribution (t4) (see Fig. [IJ. 
These are of (V — A) x (V — A) type interaction (uj^(l — r y^)de^ ,J '(l — 75)1^), and contribute to the shift of the Fermi 
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constant. They are not interesting in our analysis. 
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